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Abstract The beam-foil spectrum of aluminum was recorded m the wavelength region of 3400-4700 A, using A r beam of energy 
296 KeV Several lines belonging to Al II, Al III and A1IV were observed Lifetime measurements and excitation function studies were carried out 
on some of the intense lines observed Mean lifetime of the lines at 4663 A (Al II) and 3492 A (Al IV) arc being reported for the llrM lime
Keywords Beam-foil spectroscopy, lifetime, excitation function
FACS Nos. 32 70 Cs, 34 50 Fa
1. In t ro d u c t io n
Beam-foil s p e c t io s c o p y  is a  v e ry  se n s itiv e  te c h n iq u e  fo r 
studying the  life tim e s  o f  e x c ite d  s ta te s  o f  a to m s an d  ions. 
Due to the  n o n -s e le c t iv e  n a tu re  o f  th e  b e a m -fo il e x c ita tio n , 
a large n u m b er o f  c h a rg e  s ta te s  a n d  e x c ite d  lev e ls  w h ich  are  
not easily  a c c e s s ib le  by  c o n v e n tio n a l e x c ita tio n  p ro c e sse s  
are p o pu la ted  c o p io u s ly . E x c ita tio n  fu n c tio n  s tu d ie s  g iv e  
valuable in fo rm a tio n  a b o u t th e  c h a rg e  s ta te  o f  th e  em ittin g  
species as w e ll as  th e  n a tu re  o f  in te ra c tio n s  w ith in  th e  fo il.
The b eam  fo il sp e c tru m  o f  a lu m in u m  h as  b e e n  s tu d ied  
previously by  se v e ra l a u th o rs . In  th e  low  e n e rg y  reg io n  o f  
400 KeV, sp e c tra  a s  w e ll as  life tim e s  h a v e  b e e n  s tu d ied  fo r 
Al I to Al III [ 1 - 4 ] .  A  m o re  e x te n s iv e  s tu d y  w as  c a rr ie d  o u t 
by W eckstrdm  an d  N y s t^ n  [5] a t 7 2 0  K eV . T h e y  w ere  ab le  
to observe lines b e lo n g in g  to  A l 1 -A l V I in th e  w av e len g th  
region o f  1800 A to  7 0 0 0  A. S e v e ra l e x c ita tio n  fu n c tio n  
studies and life tim e  d e te rm in a tio n s  w e re  a lso  c a rr ie d  o u t by  
them H ow ever, fo r  m a n y  o f  th e  lin es, o n ly  a s in g le  life tim e 
determ ination e x is ts , o f te n  w ith  la rg e  e x p e rim e n ta l e rro rs , 
fo r some o f  th e  sp e c tra l  lin e s , th e re  w e re  d is c re p a n c ie s  in 
the assignm ent o f  th e  e m itt in g  sp e c ie s  eg. 4 6 5 4  A, w h ich  
'vas listed as b e lo n g in g  to  A l IV  b y  W eek strO m  e( al [5] an d  
as belonging to  A l 11 b y  K a u fm a n  et al [6 j.
K eeping in v iew  th e  im p o rta n t c o n tr ib u tio n  o f  acc u ra te  
data to a b e tte r u n d e rs ta n d in g  o f  th e  sp e c tra , it w as fou n d
w o rth w h ile  to  re in v es tig a te  th e  e x c ita tio n  fu n c tio n s  an d  
life tim es  o f  som e o f  the sp ec tra l lines in the  reg io n  3 4 0 0  A 
to  4 7 0 0  A.
2. E x p e r im e n ta l  s e tu p
T h e  e x p e rim en ts  w ere  ca rr ie d  o u t u sin g  s in g ly  io n ized  
a lu m in u m  beam s from  th e  4 0 0  K eV  a c c e le ra to r  a t th e  T a ta  
In s titu te  o f  F u n d am en ta l R esea rch . T he  ions a rc  p ro d u c e d  in 
a N ie lso n -ty p e  ho t ca th o d e  ion  so u rce  u sin g  A I C I 3  as the  
ch a rg e  m a te ria l and  C C I 4  as th e  c a rr ie r  gas. T h e  p o s itiv e  ions 
p ro d u c e d  in the  ion so u rce  a re  ex tra c te d  u sin g  an  e x trac tio n  
v o ltag e  and  then  fo cu ssed  ax ia lly  by  an  E in ze l len s an d  m ass 
an a ly z e d  by  an a n a ly z in g  m ag n e t. A  m ass a n a ly z ed  A F  
b eam  is ac c e le ra te d  an d  th en  fo cu ssed  b y  a q u a d ru p o le  lens 
b e fo re  en te r in g  th e  ta rg e t ch am b e r. T h e  ta rg e t c h a m b e r  is 
b a s ica lly  a  s ta in less  steel c ro ss  o f  1 0 0  m m  d ia m e te r co n ta in in g  
th e  ta rg e t h o ld e r  a ssem b ly . It is e v a cu a ted  to  a p re ssu re  o f  
1 x 1 0 ^  m b a r u sin g  a c ry o  p u m p  to  g iv e  h y d ro c a rb o n  free  
v acu u m . T h e  ta rg e t h o ld e r is a s ta in le ss  stee l ro d  w ith  a ta rg e t 
la d d e r cap a b le  o f  h o ld in g  up  to  1 0  c a rb o n  fo ils  a t a  tim e. 
In case  o f  fo il ru p tu re  d u rin g  th e  e x p e rim e n t, o n e  can  
ch an g e  th e  fo il u n d e r v acu u m  w ith o u t d is tu rb in g  th e  o th e r 
ex p e rim e n ta l co n d itio n s . T h e  ta rg e t h o ld e r  c a n  be m o v ed  
v e rtic a lly  in o rd e r  to  se le c t th e  fo il as  w e ll as  trav e rsed  
h o riz o n ta lly  b y  a  m a x im u m  d is ta n c e  o f  7 5  m m . T h e  
iso to p ica lly  p u re  A F  b eam  o f  en e rg y  2 9 6  K eV  is th en  m ad e
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to  p ass  th ro u g h  C a rb o n  fo ils  o f  th ick n ess  b e tw een  6 - 8  
pg/cm ^. D ue to  th e  b eam -fo il in te rac tio n , the  ions get 
fu r th e r io n ized  an d  ex c ited . T h e  em e rg in g  b eam  co n s is ts  o f  
h ig h ly  ex c ited  ions in v a rio u s  ch a rg e  s ta tes , w h ich  co p io u s ly  
em it p h o to n s . T h e  e m itted  o p tic a l ra d ia tio n  is d e tec ted  
p e rp e n d ic u la r  to  th e  b eam  ax is , d o w n stre a m  o f  the fo il 
u sin g  a  0 .4 5  m  C z e rn y  T u rn e r  m o n o c h ro m a to r  c o u p le d  to  
a  p h o to n  c o u n tin g  sy s tem . T h e  d e te c to r  u sed  is a P e ltie r  
c o o le d  p h o to m u ltip lie r . L ife tim e  m e a su re m e n ts  a re  ca rr ied  
o u t by  re c o rd in g  th e  re la tiv e  in ten sity  n o rm a liz e d  to  a fix ed  
am o u n t o f  c h a rg e  c o lle c te d  b y  a F a ra d a y  cu p  a t sev era l 
p o sitio n s  o f  th e  fo il a lo n g  th e  b eam  ax is . F o r ex c ita tio n  
fu n c tio n  m easu re m e n ts , th e  in te n s itie s  n o rm a lise d  to  a fixed  
am o u n t o f  c h a rg e  c o lle c te d  by  th e  F a ra d a y  cu p , w ere  
re co rd ed  at v a rio u s  e n e rg ie s  fo r  a  fix ed  fo il p o s itio n . In 
a ll th ese  ca se s , th e  tim e  ta k e n  fo r c o lle c tin g  d a ta  w as 
m o n ito red  an d  b a c k g ro u n d  c o rre c tio n  w as ap p lie d . T h e  
e x p e rim e n ta l p ro c e d u re  h as b e e n  d e sc r ib e d  in g re a te r  d e ta il 
e lse w h e re  [7].
3. Results and discussion
In th e  p re se n t s tu d ie s , th e  b eam -fo il sp ec tru m  o f  a lu m in u m  
w as re in v e s tig a te d  in th e  w a v e len g th  reg io n  o f  3 4 0 0  A 
4 7 0 0  A. T h e  sp e c tra  c o n s is te d  o f  lin es b e lo n g in g  to  ch a rg e  
s ta te s  A l II, Al 111 and  A l IV . N o  lin e  b e lo n g in g  to  A l I w as 
o b se rv e d  in th is  reg io n . A p a r t o f  th e  re c o rd e d  sp ec tru m  
in the  reg io n  4 4 0 0  A to  4 7 0 0  A is sh o w n  in F ig u re  1.
S in g le  an d  m u ltip le  e x p o n e n tia l fittin g  p ro g ra m s  w ere  used 
to  e x tra c t the  life tim es  fro m  th e  m e a su re d  d e c a y  cu rves
Tabic I. List of intense lines observed
T h e  sp e c tra l lin e s  o b se rv e d  w ith  g o o d  in ten sity  a re  lis ted  in 
T a b le  1. T h e  id e n tif ic a tio n  an d  a s s ig n m e n t o f  lines w ere  
b a se d  on  th e  c o m p ila t io n  b y  K au fm an  a n d  M artin  [6 ]. S even  
o f  the  in te n se  lin e s  viz. 4 6 6 3  A (A l II), 3601 A, 4 4 7 9  A, 
4 5 1 2  A, 4 5 2 9  A (A l I I I )  an d  3 4 9 2  A, 4 6 5 4  A (A l IV ) w h ich  
w e re  fo u n d  to  be  fre e  fro m  lin e  b le n d in g  w ere  c h o se n  fo r 
life tim e  an d  e x c ita tio n  fu n c tio n  s tu d ie s .
3.1. Mean lifetime measurements :
M e a n  life tim e  m e a su re m e n ts  w e re  c a rr ie d  o u t u s in g  th e  
p ro c e d u re  o f  m e a s u rin g  th e  in te n s ity  d e c a y  o f  a line fo r 
c o n s ta n t b e a m  c h a rg e  as a  fu n c tio n  o f  d is ta n c e  from  th e  fo il.
Wavelength (A) Species Transitions
3492 23 Al IV
- 2 s ^ 2 p ^ O P ° ^  )4J2[7/2|3
•3601 63 Al 111 id ^D s /2 -* P ^P ° j^
•3601 93
4332 00 Al II 3 .t5 i\f | - 2 s ip ^ P ^
•4347 24 Al II -2 s9 g O
•4347 32
•4347 79 Al II
•4347.81
4356 73 Al II J s A / 'F ^  -2 s9 g O  \
4447 81 Al 11 2s4d'D2 - 3 j l l p '/ '0
4468 94 Al IV
- 2 s ^ 2 p \ ^ p 0 ^  )4p^[3/2||
•4479 89 Al III
*4479 97 4 /2 ^ 0 ^  -5 g ^0 9 /2
4512 56 Al III
•4528 94 Al 111 4p^ pO ^ -4d^ D j/2
•4529.19 4p2/>»2 -4 d ^ U y2
•4639 33 Al II 3 s 4 /^ F °  - X i ig C
•4639 38 3.v4/3/-jO-3i8gC;
•4639.73 3s4 f ^ F ^  - isSgG
•4639 83 3 s 4 f^ F ^ - 3 s S g G
•4640 36 3 s 4 /^ F °  - 3 s ig G
•4640 38 3 s 4 /^ F ^  -  3sSgG
4648 61 Al 11 - 3s4d 'D2 -3i10/>
•4650.55 Al 11 3 s 4 f  'F ^ -3 s 6 g G
•4650 65 3 s 4 /  'F °-3 s% g G
4654.00 Al IV 5/[7/2]5g--6g[7/2]»6A '
4663 05 Al II 3p^ 'D i - i s A p ^ P ^
4666.80 Al 11 3s5p - 3 i lU  'So
•4701 15 Al 111 4 /  -5 d ^ D j/2
•4701 41 4 f ^ F ° ^ - 5 d ^ D i / 2
•Unresolved
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Al II
The lifetim e o f  th e  A l II line  a t 4 6 6 3  A , w ith  u p p e r  sta te  
is re p o r te d  fo r  th e  firs t tim e . T h e  p lo t o f  in ten sity  
ve rsu s  d is tan ce  fo r  th is  lin e  is sh o w n  in F ig u re  2a . T h e
m easured d e c a y  c u rv e  w as fitted  to  a s in g le  e x p o n e n tia l fit 
and y ie lded  a life tim e  o f  11.3 ns. F ro m  th e  a v a ila b le  d a ta  
on transition  p ro b a b i li t ie s  o f  a ll th e  k n o w n  tra n s it io n s  from  
the u p p er lev e l 3s4p^P \^ [ 8 ], th e  life tim e  o f  th is  level w as 
estim ated to  b e  12.3 ns. S in ce  th e  a c c u ra c y  o f  th e  tra n s it io n  
probability  d a ta  is o f  th e -o rd e r  o f  2 5 % , it c an  be  c o n c lu d e d  
(hat the life tim e  v a lu e  o b ta in e d  in th e  p re se n t s tu d ie s  is in 
dose a g reem en t w ith  th e  th e o re tic a lly  e x p e c te d  v a lu e .
AI III
l our lines b e lo n g in g  to  A l III w e re  s tu d ie d , v/z, 3601 A 
[2fy\\r^]3p4p-P^l 4 4 7 9  A (2p\^P^^]3p5g^G) 4 5 1 2  A 
{2p["P^\3p4d^D) an d  4 5 2 9  A ( 2 / 7^ [ ' / ^ ] 3 p 4 J ‘D ). O f  th ese  
(our lines, the  line a t 4 5 1 2  A an d  th e  tw o  u n re so lv e d  lines 
at 4529 A are  c o m p o n e n ts  o f  a  m u ltip le t w ith  the sam e  u p p e r 
slate 4d^l) A s e x p e c te d , the  life tim es  o f  the.se tw o  lin es are  
equal w ith in  the e r ro r  lim its  an d  a g re e  w ith  the v a lu es  
reported by A n d e rse n  et al [2].
Table 2. List of measured lifetimes
T h e  tw o  u n re so lv ed  lines at 4 4 7 9  A a re  a lso  c o m p o n e n ts  
o f  a m u ltip le t fro m  u p p e r s ta te  5 ^  ^G. F ittin g  th e  m e a su re d  
d ecay  cu rv e  w ith  a d o u b le  e x p o n e n tia l fittin g  p ro g ra m , g av e  
tw o  life tim e c o m p o n e n ts  o f  4 .2  ns an d  2 4 .4  ns. T h e  p rim a ry  
life tim e  o f  4 .2  ns is c lo se  to  th e  v a lu e  e a r l ie r  re p o r te d  by  
W eck strd m  et al [5]. T he  p lo t o f  th e  d e c a y  c u rv e  is sh o w n  
in  F ig u re  2 b.
F o r the  d o u b le t a t 3601 A, th e  d e c a y  c u rv e  o b ta in e d  in 
th e  p re se n t s tu d ie s , e x h ib its  a  s in g le  e x p o n e n tia l b e h a v io u r  
w ith  a  life tim e o f  5 .7  ns. T h is  v a lu e  is in a g re e m e n t w ith  
th e  p re v io u s ly  re p o r te d  v a lu e  by  W eekstrO m  et al [5] in 
w h ich  th e  life tim e  w as e x tra c te d  u s in g  a m u lti-e x p o n e n tia l 
fit.
A l IV
T h e  life tim e  o f  the  A l IV line  a t 3 4 9 2  A w ith  u p p e r  s ta te  
4 J * ( 7 /2 ° ] 4  is d e te rm in e d  fo r the  firs t tim e . T h e  m e a su re d  
d e cay  c u rv e  sh o w s a  s in g le  e x p o n e n tia l b e h a v io u r  w ith  a 
life tim e  o f  1.6 ns. T h e o re tic a l v a lu e  o f  life tim e  is n o t 
a v a ila b le  fro m  lite ra tu re  fo r c o m p a r iso n . T h e  life tim e  s tu d ie s  
a re  su m m a riz e d  in T a b le  2.
Species Wavelength (A) Upper Slate Lifetime (ns) 
(Present studies)
Lifetime (ns) 
(Previous studies)
Al It 4663 05 3i4/> 11 3 ± 03 -
Al 111 3601.63* 5 7 1 0  1 5 i  L.
3601.93* 2 p ^ e P ° \ip * p
4479 89* 2/.5[-/>“ j3p5g 42 ± 05 3 2 ± 0 6^
4479 97* 2/7*1^/’“ ]3/j5x ^Gs/2 29± 02S
4512 56 2/75|2/70j3p4./ ZOjyz 5 2 -fc 0.6 4 4 i  0 4^
4528 94* 2/7*1 V ‘’]3p4rf ^03/2 49  :t 09 4 9 ± 0 5„
4529.19* 2 p \^ P ° \ip A d  ^Di/2 4.4 + 0 2 S
Al IV 3492 23 2i2 2 p 5 lV “jl4rf2(7/2]0 1 6 :i: 0 .1
4 4 ± 0 4^
# (cascade corrected); a. WeekstOrm et al 15], b Andersen et al [21, • Unresolved
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3.2. Excitation function studies .
E x c ita tio n  fu n c tio n  s tu d ie s  w e re  ca rr ie d  o u t fo r a ll lines 
fo r  w h ich  life tim e s  w ere  s tu d ied . In a d d itio n , th e  line at 
4654 A w as in v e s tig a te d  in o rd e r  to  co n firm  its ch a rg e  
s ta te . E x c ita tio n  fu n c tio n s  w ere  p lo tte d  by  m e a su rin g  the  
re la tiv e  in te n s itie s  o f  th e  lin es a t sev e ra l en e rg ie s , viz. 
9 6 K e V , 136 K eV . 176 K eV , 2 1 6  K eV . 2 5 6  K eV  an d  
2 9 6  K eV . T h e  re la tiv e  in ten s itie s  w e re  n o rm a lized  to  u n ity  
a t 2 9 6  K eV .
T h e  line  at 4 6 5 4  A  h ad  b een  a ss ig n e d  to  A l IV  by 
W eekstrO m  et al [5]. H o w ev er, in th e  lis tin g  by K au fm an  
e( al [6 ], tw o  w eak  lin es at 4 6 5 3  A  an d  4 6 5 5  A  are  listed  
as b e lo n g in g  to  A l 11. T h e  so u rc e  u sed  in th ese  s tu d ie s  w as
an  a lu m in u m  h o llo w  c a th o d e  lam p  [9J w h e reas  th e  so u rce  
u se d  by  W eekstrO m  et al w as b eam -fo il e x c ita tio n . T h e  
p re se n t e x c ita tio n  fu n c tio n  s tu d ie s  on  th is  line , c o n firm  th a t 
it b e lo n g s  to  A l IV . T h is  is to  b e  e x p e c te d  b e c a u se  in th e  
b eam -fo il e x c ita tio n  p ro cess , h ig h e r ch a rg e  s ta tes  a re  ex p ec ted
to  b e  p o p u la te d  as c o m p a re d  to  c o n v e n tio n a l exciuiiof^ 
p ro c e sse s . E x c ita tio n  fu n c tio n  o f  a ll th e  se v e n  lin es discussed 
a b o v e  a rc  p lo tte d  to g e th e r  fo r c o m p a r iso n  in  F ig u re  3 . it cap 
b e  seen  from  th is  p lo t th a t th e  line  a t 4 6 5 4  A  belongs to 
Al IV .
4. C o n c lu s io n s
A  few  in ten se  lin es o f  A l II, A l III an d  A l IV m tht 
w av e len g th  reg io n  3 4 0 0 - 4 7 0 0  A  w e re  s tu d ie d  by  the beam- 
foil te c h n iq u e . L ife tim es  fo r tw o  o f  th e  lin e s  belonging m 
A l II an d  A l IV a re  b e in g  re p o r te d  fo r  th e  first tim e fur 
lines th a t h av e  b een  s tu d ie d  p re v io u s ly , m ean  litcimit* 
v a lu es  o b ta in e d  in th e  p re se n t s tu d ie s  a re  in g o o d  agreemem 
w ith  e a r l ie r  v a lu e s . E x c i ta t io n  fu n c t io n  s tu d ie s  u cu  
c a rr ie d  o u t to  c o n firm  th e  c h a rg e  s ta te s  to  w h ich  the lints 
b e lo n g .
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